INTRODUCTION
============

*Vibrio cholerae* is one of the most important waterborne pathogens and the causative agent of cholera^[@B08]^, a disease of great public health concern in developing countries with low socio-economic status^[@B07]^. This microorganism is a natural inhabitant of aquatic environments, which could act as a source and reservoir for human infections^[@B08]^. It has been found to survive for extended periods in estuarine and brackish waters and to undergo conversion to a dormancy or viable but non-culturable state (VBNC)^[@B08],[@B35]^. This state is a survival strategy adopted by many bacteria when environmental conditions are unsuitable for sustaining normal growth. In this physiological condition bacteria exhibit detectable metabolic function, but are not culturable by conventional laboratory culture methods^[@B27]^. It has been shown that VBNC cells are reduced in size and become coccoid^[@B06],[@B36]^, and sustain certain functions like metabolic activity, specific gene expression^[@B18]^, antibiotic resistance^[@B27]^, virulence^[@B28]^ and their pathogenic potential for a prolonged time^[@B36]^. Environmental conditions are involved in the induction of VBNC state, notably low nutrient concentrations^[@B08]^, suboptimal and downshift temperatures^[@B03],[@B28]^, elevated salinity, extreme pH or solar radiation^[@B11]^.

Since the concept of the VBNC state was introduced 30 years ago a significant body of research has been done, serving *V. cholerae* as the prototype^[@B08]^. Several *in vitro* induction studies have been carried out in autoclaved water^[@B08]^, salt water, buffered saline^[@B10]^, alkaline seawater^[@B03],[@B18]^, freshwater microcosms^[@B25]^ and conditioned medium^[@B22]^. Resuscitation of *V. cholerae* from the VBNC state has been demonstrated in the intestines of human volunteers^[@B10]^ and recently *in vitro* by temperature upshift^[@B25]^ and co-culture with eukaryotic cells^[@B32]^. However, little information is available on the natural behavior of this microorganism, the dynamics of the VBNC state in the environment and the mechanisms whereby non-culturable cells become culturable to initiate seasonal epidemics of cholera, especially from the Caribbean Sea.

Many recent cholera outbreaks have occurred in this part of the world as large outbreaks or as sporadic cases^[@B19],[@B30]^. In Venezuela, there have been several epidemics of this disease caused by *V. cholerae* O1 biotype El Tor^[@B16]^. The pathogen has not been recovered from the environment during interepidemic periods, but instead non-O1, non-O139 strains have been isolated from seawater and planktonic organisms on the Northwestern coast of this country^[@B17]^. These serogroups were associated with occasional outbreaks of cholera-like diseases close to the area^[@B23]^. Because of the public health importance of the VBNC state and the existing cholera risk in the Caribbean Sea^[@B19]^, the objective of this study was to evaluate the *in situ* survival of *V. cholerae* by using a diffusion chamber (DC) approach to allow the exposure of the microorganism to the natural conditions of this environment. Moreover, the study aimed to examine *in vitro* resuscitation procedures to test the recovery of the VBNC cells, due to the possibility that the bacterium may resuscitate and start dividing upon access to the host.

MATERIALS AND METHODS
=====================

**Bacterial strain and culture conditions:** *Vibrio cholerae* non-O1, non-O139 strain D3-TCBS was obtained from seawater samples collected in December 2004 at Cueva de la Virgen, Cuare Wildlife Refuge (10°54′23″N, 68°18′10″W), a protected environment also designated as a touristic and shellfish-growing marine area at the Northwestern coast of Falcon State, Venezuela. The strain was cultured according to FERNÁNDEZ-DELGADO *et al.* ^[@B17]^, stocked in nutrient broth (HIMEDIA) supplemented with 15% glycerol at -80 °C and deposited at the Centro Venezolano de Colecciones de Microorganismos (CVCM) (No. 1742).

***In situ* survival study:** *Vibrio cholerae* D3-TCBS was grown in BHI (HIMEDIA) at 37 °C in mid-logarithmic growth phase. The cells were harvested by centrifugation at 327 *g* for 15 min at 4 °C and washed twice with artificial seawater (ASW)^[@B05]^, previously autoclaved at 121 °C for 15 min and filtered through a 0.22-µm pore-size filter (Millipore). A bacterial suspension in nutrient-free ASW (final concentration 10^[@B07]^ cells/mL) was aseptically injected into sterile three mL DC, a modification of those of KAEBERLEIN *et al.* ^[@B20]^, and fitted with 0.03-µm pore-size polycarbonate membranes (GE Water & Process Technologies), as described^[@B20]^. A number of three DCs filled with ASW without bacterial inoculum were considered as negative controls of the study. Time zero samples were taken for further culturability and microscopic analysis. At the study site, a total of thirty-three chambers were placed vertically in open containers, immersed at approximately one m below the surface in Caño Las Carmelitas (10°55′63″N, 68°17′50″W) near the sampling site where the study\'s *V. cholerae* strain was isolated, and exposed to the natural environment for 119 days. During this period, sets of three DCs were sampled at various intervals, kept in containers with the natural seawater under refrigeration and returned to the laboratory to be processed.

The seawater *in situ* values of pH (pHep1, Hanna Instruments), salinity (RHS-10ATC refractometer, Westover Scientific), temperature and dissolved oxygen (OXDP-02 oxygen meter, VWR International, Inc.) were monitored throughout the study.

**Culturability, cell counting and viability assays:** Culturability was determined in triplicates by spread plate count. One milliliter of the material inside the chambers was removed and serial dilutions of suspensions were plated onto BHI agar (HIMEDIA). All the colonies on plates containing fewer than 300 colonies were counted to estimate the colony-forming unit (CFU) per milliliter, after 48 h of incubation at 37 °C. *V. cholerae* cells were considered to be in a non-culturable state when counts reached \< 10 CFU/mL^[@B01],[@B26]^.

The number of total cells per milliliter was determined by direct microscopic count method using the blue fluorescent dye 4′,6-diamidino-2-phenylindole (DAPI, Sigma). Aliquots of bacterial suspensions from the chambers were fixed with formaldehyde (3% v/v), diluted in filter-sterilized ASW, stained with DAPI (5.0 µg/mL, final concentration) for three min and filtered onto 0.22-µm pore-size black polycarbonate filters (Millipore) in the dark. After three rinses in filter-sterilized distilled water, the membrane filter was placed on a slide and a cover slip was placed directly on top of the filter. Additionally, the viability or membrane integrity of bacterial cells was assessed by the LIVE/DEAD BacLight kit (Molecular Probes Inc.). This kit utilizes a mixture of the reagents Syto-9 (a green fluorescent nucleic acid stain) and propidium iodide (PI, a red fluorescent nucleic acid stain). Syto-9 generally labels all bacteria in a population (both cells with intact membranes and damaged membranes). In contrast, PI penetrates only bacteria with damaged membranes and causes a reduction in the Syto-9 stain fluorescence when both dyes are present. Ideally, healthy living bacteria with an intact cytoplasmic membrane stain with a green fluorescence, and dead or injured cells with a compromised membrane stain fluorescent red^[@B34]^. These reagents were prepared according to the manufacturer instructions and mixed in equal proportions. A minimum of 15 random fields were visualized for total and viable cell counts under a Nikon TE 2000 fluorescent microscope (Nikon Instrument Inc.). For LIVE/DEAD BacLight stain, a xenon lamp of 100-W was used to deliver light to two filter sets, one set of filters with 485/530 nm of excitation and emission, respectively, and another with 550/615 nm of excitation and emission filters. For DAPI dye a set of 330/450 nm of excitation and emission filters was used. Samples were observed using an oil-immersion objective (100X/0.5-1.3 NA Nikon). All the experiments were carried out in triplicate.

**Resuscitation studies:** To attempt the recovery of culturability in *V. cholerae* non-O1, non-O139 cells a series of two *in vitro* approaches were performed when the titer of colony counts in the DC samples declined \< 10 CFU/mL. Total cell counts were performed as described previously. To evaluate the effect of nutrients, initial resuscitation assays were performed in 96-well microplates (Corning Incorporated) containing either 50 µL BHI or 50 µL HP broth^[@B13]^ modified without the addition of antibiotics. The use of HP selective medium originally designed for the isolation of *Helicobacter pylori* from freshwater samples^[@B13]^ allowed the isolation of *V. cholerae* from this aquatic environment^[@B17]^. Bacterial cells from three DCs were serially diluted 10-fold into filter-sterilized ASW (10^--1^-10^--7^) and 50 µL samples were taken from undiluted and from each dilution sample and added to twelve replicate wells. A number of two plates were considered for each medium and DC replicate. Wells containing the two media without bacterial inocula and wells with media inoculated with an active growing culture of the same strain (with a known number of total cells and plate counts) were reserved as negative and positive controls, respectively. Plates were incubated at 37 °C, with shaking (150 rpm) for seven days. Evidence of growth was registered by measuring optical density (600 nm) of cultures using a microplates reader (Tecan), considering day 0 of the study as the starting point.

Secondly, the effect of spent media (SM, growth media consisting of filter-sterilized culture supernatant) on the recovery of *V. cholerae* cells was investigated. In this study, SM was obtained from *V. cholerae* D3-TCBS cultures harvested at mid-logarithmic and stationary phases and subjected to centrifugation (327 *g*, 15 min). Cell-free supernatants were filtered twice with disposable syringe filters of 0.22-µm pore size (Millipore) and stored at -80 °C before use. The wells from plates containing nutrient media and DC samples without evident growth at seven days of incubation were amended with SM, considering one plate for each stage and DC replicate. A number of these wells were left without addition of SM, as controls for spontaneous resuscitation. Other controls of contamination consisted in each stage of SM alone and amended with BHI and HP media. The plates were incubated at 37 °C with agitation for another seven days. Growth was monitored by measuring the optical density as described previously, including the time zero for this assay.

**Statistics:** The linear dependence between two variables (Pearson correlation analysis) in the *in situ* survival study and the effect of nutrients and SM addition on the resuscitation of VBNC cells (Student test of unpaired data) were analyzed by OrigenPRO 7.5 SR6 (Origen Lab Corporation). *p* values \< 0.05 were considered significant.

RESULTS
=======

*V. cholerae* showed declining recoverability on exposure to the aquatic environment and to nutrient depletion conditions. A large population of this microorganism progressively became non-culturable over a period of 119 days when the titer of culturable or colony counts decreased four orders of magnitude (from 2 x 10^5^ to 1 x 10^1^ CFU/mL), and the number of live cells with membrane integrity was 5.2 x 10^5^ cells/mL. Regardless of whether the cells could be grown on agar, they could be seen under the microscope by direct total count within 10^6^-10^7^ cells/mL. A great difference between colony counts and total cell counts was observed since time zero of the study. Increases in the period of *V. cholerae* exposure to the natural environment (up to 119 days) resulted in a progressive enhancement of non-culturable cells ([Fig. 1](#f01){ref-type="fig"}). From these data, three subpopulations of cells could be inferred at the end of the survival studies: culturable (0.00013%), VBNC (6.80%), and nonviable (93.20%). Morphological changes and decreased size of bacterial cells were observed since the first days of incubation in the natural environment, comprising a large population of coccoid forms. These results indicate physiological changes during the prolonged exposure of *V. cholerae* cells to the aquatic environment which could promote the bacterial survival but decrease the recovery of stressed cells on BHI agar. Preliminary *in situ* survival studies and microcosm experiments of *V. cholerae* non-O1, non-O139 in ASW at 17 °C were performed with similar viability and cultivability results (data not shown).

Fig. 1*In situ* survival of *Vibrio cholerae* on exposure to natural conditions of the Cuare Wildlife Refuge. Data are mean ± SE values of triplicate samples. Total cell counts (), viability cell counts (), and culturable counts ().

The environmental parameters: temperature, pH, salinity and dissolved oxygen of seawater registered during the present survival study ranged from 27.2-31.8 °C, pH 6.5-7, 2-32‰ and 4-7.9 mg/L, respectively. The most important variation of these seasonal conditions was the salinity of seawater, which was found with two distinct patterns during the rainy (from 0 to 21 days) and dry periods (from 21 to 119 days) considered in this study. When salinity was between two and 18‰, the culturability of *V. cholerae* was higher than 1 x 10^4^ CFU/mL, whereas salinities higher than 18‰ produced cultivability of up to three orders of magnitude fewer ([Fig. 2](#f02){ref-type="fig"}).

Fig. 2Culturability of *Vibrio cholerae* cells associated with seawater salinity during sampling time. The broken line distinguishes the two seasons: rainy (from 0 to 21 days) and dry (from 21 to 119 days). Data are mean ± SE values of triplicate samples. Colony counts () and salinity ().

There was no significant correlation between the colony counts and salinity for the first 21 days (*r* = 0.704; *p* = 0.295), while a significant inverse correlation was found for the second period of the study after day 21 until day 119 (*r* = -0.980; *p* = 0.019). The reduced levels of salinity registered in the first month of this study coincided with the local rainy season which increases the drainage of adjacent freshwater bodies and may modify the physicochemical conditions of this coastal area.

Results from resuscitation experiments initially showed regrowth of *V. cholerae* non-culturable cells in the undiluted samples by the addition of BHI and HP media. However, after serial dilutions no growth was evident with both media. The addition of SM at logarithmic and stationary phases to those wells containing 10^--2^ diluted samples, previously supplemented with either HP or BHI, showed the recovery of non-culturable cells and was found to be significant (*p* \< 0.05) ([Fig. 3](#f03){ref-type="fig"}).

Fig. 3Resuscitation of *Vibrio cholerae* cells from the VBNC state by adding spent media (SM) at logarithmic (SM1) and stationary (SM2) phases in samples diluted 10^--2^. SM day 0 () and SM day 7 (). Data are mean ± SE of a minimum of 23 and a maximum of 36 replicate values. The symbol \* shows significant effect (*p* \< 0.05) for paired data of SM addition on the resuscitation of VBNC cells.

DISCUSSION
==========

Cholera is a disease of great public health concern in developing countries and has recently re-emerged in a Caribbean coastal area with severe outbreaks or sporadic cases. The reasons of the unusual dynamic of cholerae outbreaks and the status regarding the *V. cholerae* population in this region are not completely clear^[@B19],[@B30]^. Although the ecology of *V. cholerae* in marine and estuarine ecosystems as well as its viability in laboratory microcosms has been well studied^[@B08]^, only one piece of research has reported the *in situ* survival of this microorganism in aquatic environments^[@B29]^. However, several studies have employed diffusion chamber approaches to assess the VBNC state in other *Vibrio* and bacterial species^[@B27]^. The present work reveals, for the first time, the capacity of *V. cholerae* to enter the VBNC state when exposed to the real conditions of a coastal area of the Southern Caribbean Sea where this bacterium was isolated, in order to better understand its behavior in this environment as a potential natural reservoir. *V. cholerae* non-O1, non-O139 survived for extended periods of time (approximately four months), demonstrating a decrease in culturability and viability, as has been reported for this species^[@B10]^. The bacterial cells reduced their size and changed their morphology from rods to coccoid. This is in agreement with the description of the *V. cholerae* coccoid morphology in the VBNC state as an adaptation of the cells to environmental constraints^[@B06],[@B22],[@B25]^. The entrance of *V. cholerae* to this state was probably mainly induced by the exposure to the constant nutrient depletion conditions inside the chambers during the study. Starvation has been recognized as an important stimulus to enter the VBNC state and represents a common strategy for survival among bacteria in nutrient-poor environments^[@B08]^. Moreover, the study found a starvation response of *V. cholerae* in combination with high salinity values of seawater during the dry season (after day 21 to 119) that caused a decrease on the cell culturability with a significant inverse correlation, although in the first 21 days the colony counts were not affected by the salinity decline during the rainy season. Prior to the authors\' research, many surveys were conducted on the Northwestern coast of Venezuela in search of culturable forms of *V. cholerae*, and only non-O1, non-O139 strains were recovered during an intense rainy season with low salinity waters^[@B17]^. Similar reduced levels of salinity registered in the bacterial cultivability period of this research, occurred during the local rainy season; such low salinity has been widely reported as optimal (between 5‰ and 25‰) for this microorganism in aquatic environments^[@B24]^. Uncovering the influence of rainfall and salinity fluctuations on *V. cholerae* recoverability from these marine environments might be important in understanding the local environmental drivers of cholera outbreaks in the Caribbean region.

The role of the VBNC state in cholera epidemiology is vital, not just because the bacterium can persist in harsh environmental conditions, but also because of its potential to revert back to a fully potent pathogenic form and contribute to the spread of the disease^[@B25]^, as has been shown with other *Vibrio* spp. in mouse models where non-culturable cells remained virulent and were capable of causing fatal infections following *in vivo* resuscitation^[@B28]^. Therefore, it is important to define the mechanisms by which non-culturable cells return to culturability^[@B02]^. Resuscitation studies reported here show recovery of cell cultivability when SM at logarithmic and stationary phases were used along with 10^--2^ diluted cells, whereas nutrient addition did not show true resuscitation suggesting the presence of culturable cells in the undiluted samples. It has often been questioned whether resuscitation of apparently non-culturable cells represents 'true' resuscitation of all cells of the initial inoculum that had become VBNC, regrowth of only a few non-culturable cells remaining viable (able to revert to active growth), or merely growth of a very few culturable cells^[@B05],[@B25],[@B27]^. In the present study, the resuscitation of non-culturable cells was attempted after dilution with several resuscitation procedures, along with different enrichment media and SM addition. A previous step of either HP or BHI addition did not increase the recovery of *V. cholerae* cells in the diluted samples. However, significant growth at 10^--2^ dilution was observed after the addition of SM at logarithmic and stationary phases. The culture supernatants could contain components that apparently aided in the recovery of a number of non-culturable *V. cholerae* cells. These findings are likely related to observations of other authors who report an increase in the recovery of bacteria after adding cell-free supernatants from active cultures, whose results indicate that intercellular communication or growth-promoting factors are likely to improve their culturability^[@B04],[@B21],[@B31],[@B33]^.

The observations of the present study\'s authors suggest that a fraction of the cell population is able to recover culturability. A physiological heterogeneity could exist within this *V. cholerae* population, as has been reported with *V. cholerae* O1 cells resuscitated by temperature upshift^[@B24]^ and with other *Vibrio* species^[@B12]^. Recently, EPSTEIN^[@B14]^ described this heterogeneity as a percentage of cells that are different from the rest of the population due to the lack of growth restrictions typical of the majority, and proposed a signaling scout model to explain the cell heterogeneity^[@B14]^. In this model, a few viable cells or scouts have a signaling function in the dormant population and may start a new population by waking up the dormant cells^[@B15]^. Considering this principle, the resuscitation of *V. cholerae* presumably occurred in those diluted samples that had scouts or possible growth-inducing factors. These *in vitro* resuscitation studies could mimic what happens with non-culturable *V. cholerae* strains during times of stress or interepidemic periods if eventually the presence of favorable environmental conditions or the availability of nutrients and the appearance of signaling cells, enhance their recovery from the VBNC state in these aquatic environments. More work is required to study the resuscitation of VBNC cells and the compounds possibly present in these culture supernatants.

In conclusion, these results emphasize the need to study non-culturable *V. cholerae* in areas of the Caribbean Sea susceptible to cholera epidemics, considering that this bacterium can persist in the environment in a VBNC state and revert to a transmissible form in the presence of suitable conditions. Because the VBNC state might represent a critical step in cholera transmission around the world and particularly in the Caribbean and Latin American region, this research encourages investigators, governments and communities involved in public health to implement and not neglect the programs for prevention, systematic environmental monitoring and surveillance of culturable and VBNC *V. cholerae* through the global networks.
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